Activating mutations in the GLUD1 gene, which encodes glutamate dehydrogenase (GDH), result in the hyperinsulinism-hyperammonemia syndrome. GDH is an allosterically regulated enzyme responsible for amino acid-mediated insulin secretion via the oxidative deamination of glutamate to 2-oxoglutarate, leading to ATP production and insulin release. This study characterizes a novel combination of mutations in GLUD1 found in a neonate who presented on the first day of life with severe hypoglycemia, hyperammonemia, and seizures. Mutation analysis revealed a novel frameshift mutation (c.37delC) inherited from the asymptomatic mother that results in a truncated protein and a de novo activating mutation (p.S445L) close to the GTP binding site that has previously been reported. GTP inhibition of GDH enzyme activity in 293T cells expressing the p.S445L or wild-type GDH showed that the half-maximal inhibitory concentration (IC 50 ) for GTP was approximately 800 times higher for p.S445L compared to wild type. GTP inhibition of GDH activity in lymphoblasts from the patient, from a heterozygote for the p.S445L mutation, and in wild-type lymphoblasts showed that the IC 50 for GTP of the patient was approximately 200 times that of wild type and 7 times that of heterozygote. However, while the patient had a loss of GTP inhibition of GDH that was more severe than that of heterozygotes, the patient's clinical phenotype is similar to typical heterozygous mutations of GDH. This is the first time we have observed a functionally homozygous activating mutation of GDH in a human. As demonstrated by the phenotype of individuals with genetic mutations to allosteric GDH sites, tight regulation of GDH activity is critical to plasma glucose and ammonia homeostasis in humans. Activating mutations result in HI/HA, with almost all reported cases resulting from dominant heterozygous missense mutations to GLUD1
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Activating mutations in GLUD1, which encodes glutamate dehydrogenase (GDH), cause the hyperinsulinism-hyperammonemia syndrome (HI/HA) and constitute the second most common cause of congenital hyperinsulinism.
1-3 GDH, a protein expressed in all organisms, catalyzes the reversible oxidative deamination of L-glutamate to 2-oxoglutarate and ammonia using NAD(P)+ as a coenzyme. 4 In humans, GDH resides in the mitochondrial matrix, is expressed predominantly in the pancreatic islets, liver, kidney, and brain, and is extensively allosterically regulated. 5 Primary allosteric activators of GDH are ADP and leucine, and inhibitors are GTP, palmitoyl CoA, and ATP. Epigallocatechin gallate (EGCG), a polyphenol found in green tea, has also been found to be a potent inhibitor of GDH via competitive binding to the ADP site. 6 As demonstrated by the phenotype of individuals with genetic mutations to allosteric GDH sites, tight regulation of GDH activity is critical to plasma glucose and ammonia homeostasis in humans. Activating mutations result in HI/HA, with almost all reported cases resulting from dominant heterozygous missense mutations to GLUD1
that impair the ability of GTP to inhibit GDH activity. 7 Children with HI/HA present at an average age of 4 months with symptomatic protein-sensitive and fasting hypoglycemia and plasma ammonia concentrations that are persistently elevated. 7, 8 The K ATP channel agonist diazoxide inhibits insulin secretion and prevents hypoglycemia in individuals with HI/HA.
Here, we describe an infant with a novel combination of mutations in GLUD1 who presented on the first day of life with hypoglycemia, hyperammonemia, and seizures. She was found to have a de novo activating mutation on the paternal allele in addition to a novel inactivating frameshift mutation, inherited from the asymptomatic mother, which is predicted to cause a stop codon 77 amino acids downstream from the mutation. We hypothesized that this very rare novel combination of mutations generate homohexamers of activated proteins, as would be found in a homozygote, and explains the patient's severe phenotype. 
| SUBJECTS AND METHODS

| Clinical data
| Expression studies in 293T cells
Site-directed mutagenesis was used to reproduce the p.S445L and p.
H454Y mutations, which are well-characterized HI/HA-causing mutations with impaired GTP inhibition. 1, 9 The construct was then packed into a lentiviral vector (pUL-CMV-MCS) with mCherry as the reporter protein.
Wild type or mutant GDH were then expressed in 293T cells by lentivirus transfection with about 80% transfection efficiency.
GDH enzyme kinetics was determined spectrophotometrically in the cell homogenates. 10 
| Enzyme kinetic studies in lymphoblast cells
Lymphocytes isolated from the proband, a heterozygous individual with the p.S445L mutation, and a healthy control were transformed with Epstein-Barr virus to establish lymphoblast cultures. 7,9 GDH enzyme kinetics in the homogenized lymphoblasts was measured.
| Statistical analyses
Student t tests were done when 2 groups were compared. Differences were considered significant when P < .05.
3 | RESULTS
| Clinical data
The proband was a girl born at 39 weeks of gestation to a 27-yearold mother after an uncomplicated pregnancy weighing 3700 g (85th percentile), slightly above the average birth weight of 3500 g for GDH-HI newborns. 8 The 
| Mutation analysis
Mutation analysis of the proband's genomic DNA revealed 2 mutations in GDH ( Figure 2 ): a novel frameshift mutation, c.37delC, inherited from the asymptomatic mother and a de novo mutation, c.1493C>T/p.S445L, that has been previously described. 5 The frameshift mutation is located in the mitochondrial targeting leader peptide sequence and results in the introduction of a stop codon 77 amino acids downstream (53 amino acids into the mature peptide). The point mutation is located at the base of the antenna region of GDH close to the GTP binding site (Figure 3 ). Direct sequencing of cDNA from the patient's lymphoblasts showed a higher proportion of normal sequence in the region of the maternal mutation (c.37delC) and a higher proportion of the mutant sequence in the region of the de novo c.1493c>t/p.S445L mutation (Figure 2 ). These data suggest that the c.1493c>t/p.S445L de novo mutation arose on the paternal allele and is observed at a higher proportion in the cDNA due to instability of mRNA transcripts from the maternal allele resulting from the c.37delC mutation. In addition, the c.37delC mutation, on the maternal allele, is predicted to introduce an early stop codon resulting in a truncated protein. Functionally, therefore, the proband is hemizygous for the p.S445L activating mutation in GDH. Table 1 shows enzyme kinetics for wild type and for p.S445L and p.
| GDH enzyme activity
H454Y mutant forms of GDH expressed in 293T cells and for lymphoblast GDH from the proband, a patient heterozygous for the p.
S445L mutation, and a normal control. The K m for the enzyme substrate, alpha-ketoglutarate, was similar for all 3 expressed forms of GDH and for all 3 lymphoblasts samples. Inhibition by EGCG, which interacts with the ADP binding site on GDH, was similar for wild type, p.S445L, and p.H454Y expressed forms of GDH. However, sensitivity to GTP inhibition was markedly reduced in the expressed forms of mutant GDH in 293T cells: as shown in Table 1 and in Figure 4A , half-maximal inhibition of GDH activity was 850 times greater than wild type for the p.S445L GDH and 6500 times higher for p.H454Y GDH. These values for GTP EC50 of wild type and p.
H454Y GDH expressed in 293T cells are similar to those previously obtained with the purified forms of GDH expressed in Escherichia coli. Table 1 and Figure 4B show that the IC 50 for GTP inhibition of GDH activity from the proband's lymphoblasts was approximately 200 times that of wild type and 7 times that of lymphoblasts from a S445L heterozygote (5800 nM vs wild type 27 nM and heterozygote 810 nM) ( Figure 4B ).
| DISCUSSION
This child with hemizygosity for an activating mutation of GDH provides a unique opportunity to understand the potential range of In the purified expressed mutant forms of GDH, the IC 50 values are much higher than in heterozygous mutant/wild-type cells and the range of EC50 values is much greater, for example, from as low as 3100 nmol/L for p.S448P to as high as 210 000 for p.H454Y. 9 The narrow range of IC 50 in patient cells reflects the fact that GDH is a homohexamer in which overall enzyme activity reflects cooperative interactions among mutant and wild-type subunits. This explains why the GTP IC 50 for GTP among different mutations does not precisely for GTP inhibition in our patient cells was nearly 2 orders of magnitude greater than that of a heterozygote with the same mutation.
The fact that her phenotype was not dramatically worse than usual may indicate that impairment of GTP sensitivity is already essentially complete in the typical heterozygous GDH mutant subject.
Of note, plasma insulin concentrations did not correlate with our patient's greater susceptibility to hypoglycemia. Although insulin was elevated during hypoglycemia on the second day of life, insulin was appropriately suppressed to undetectable levels during a diagnostic fast performed before starting diazoxide treatment. Insulin levels were also low during fasting and protein-induced hypoglycemia. Hypoglycemia in the context of appropriately suppressed insulin levels has been seen previously in HI/HA patients and in other forms of congenital HI. 7, 12, 13 In addition, recent studies in a transgenic mouse model with expression of p.H454Y GDH mutation in beta-cells suggest that inhibition of glucagon release may play a role in the mechanism of hypoglycemia associated with GDH activating mutation. 14 It is interesting that, despite evidence of more severe hypoglycemia, our patient's plasma ammonia concentrations were not higher than in patients with p.S445L heterozygous mutants or other GDH activating mutants in general. Recent work suggests that the elevated ammonia in HI/HA is caused by increased production of ammonia from GDH overactivity in the kidney, rather than impaired hepatic ureagenesis. 15 Thus, it appears that homohexamers of mutant GDH enzyme subunits are not significantly more active compared to heterohexamers of wild type and mutant GDH in kidney cells.
In summary, this patient has HI/HA syndrome caused by the combination of a missense and a frameshift mutation that make her functionally homozygous for an activating GLUD1 mutation. Despite having markedly more severe impairment in GTP inhibitory allosteric control of GDH, the patient's phenotype is remarkably similar to that of patients with more typical heterozygous mutations of GDH with the exception of earlier presentation and slightly more severe hypoglycemia requiring a higher-than-usual dose of diazoxide. 
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